The Sinorhizobium meliloti locus necessary for the utilization of erythritol as a sole carbon source, contains 17 genes, including genes that encode an ABC transporter necessary for the transport of erythritol, as well as the genes encoding EryA, EryB, EryC, TpiB and the regulators EryD and EryR (SMc01615). Construction of defined deletions and complementation experiments show that the other genes at this locus encode products that are necessary for the catabolism of adonitol (ribitol) and L-arabitol, but not D-arabitol. These analyses show that aside from one gene that is specific for the catabolism of L-arabitol (SMc01619, lalA), the rest of the catabolic genes are necessary for both polyols (SMc01617, rbtC; SMc01618, rbtB; SMc01622, rbtA). Genetic and biochemical data show that in addition to utilizing erythritol as a substrate, EryA is also capable of utilizing adonitol and L-arabitol. Similarly, transport experiments using labelled erythritol show that adonitol, L-arabitol and erythritol share a common transporter (MptABCDE). Quantitative RT-PCR experiments show that transcripts containing genes necessary for adonitol and L-arabitol utilization are induced by these sugars in an eryA-dependent manner.
INTRODUCTION
Adonitol (ribitol) and L-arabitol, together with D-arabitol and xylitol, compose the 5-carbon sugar alcohols known as pentitols. These sugars range from being relatively abundant in nature and commonly found in many organisms (adonitol and D-arabitol) to being exceedingly rare and used, or synthesized, by relatively few organisms (L-arabitol) (Mortlock, 1984) . Most of the work contributing to the current understanding of pentitol catabolism in bacteria has been carried out in Klebsiella pneumoniae, formerly known as Aerobacter aerogenes (Mortlock & Wood, 1964a, b; Mortlock et al., 1965a, b; Wood et al., 1961) . The common route of their utilization involves oxidation to a 2-ketopentose (pentulose); this is D-ribulose and L-xylulose for adonitol and L-arabitol, respectively, and D-xylulose for D-arabitol and xylitol. This precedes a phosphorylation of the pentulose at the C-5 position. D-Ribulose 5-phosphate and L-xylulose 5-phosphate are converted to D-xylulose 5-phosphate by epimerization, through which all pentitols enter central metabolism (Mortlock, 1984) .
Rhizobia are robust in their metabolic capacity and have been studied for many years with respect to carbon metabolism since the use of carbon compounds is important in the rhizosphere prior to infection of the root tissue, as well as during symbiotic nitrogen fixation (Lodwig & Poole, 2003; Ramachandran et al., 2011; White et al., 2007) . Enzymes that carry out pentitol oxidation reactions have also been identified in the Rhizobia. Two polyol dehydrogenases were identified from extracts of mannitol-grown Sinorhizobium meliloti cells (Martinez De Drets & Arias, 1970) . One of these acted specifically to oxidize D-sorbitol, while the other, which was identified as a D-arabitol dehydrogenase, was also capable of oxidizing D-mannitol. Subsequent work in Rhizobium leguminosarum bv. trifolii identified five different polyol dehydrogenases, including an inositol dehydrogenase, adonitol dehydrogenase, xylitol dehydrogenase, dulcitol dehydrogenase and D-arabitol dehydrogenase (Primrose & Ronson, 1980) . While the inositol and adonitol dehydrogenases were specific, the xylitol dehydrogenase was capable of oxidizing xylitol and sorbitol, and the dulcitol dehydrogenase was capable of oxidizing dulcitol, xylitol and sorbitol (Primrose & Ronson, 1980) . Many of these dehydrogenases were shown to be affected by glucose-mediated catabolite repression (Ronson & Primrose, 1979) . More recently, the genetic locus for inositol catabolism was identified in R. leguminosarum and S. meliloti (Fry et al., 2001; Kohler et al., 2010) . In both of these organisms the ability to catabolize inositol was shown to be important for competition for nodulation (Fry et al., 2001; Kohler et al., 2010) . transport and catabolism of erythritol, and that the inability to catabolize erythritol resulted in a reduced ability to compete for nodule occupancy against the wild-type (Yost et al., 2006) . In S. meliloti, the erythritol locus was initially identified during genetic characterization of triose phosphate isomerase mutations . The S. meliloti erythritol locus was subsequently characterized and it was found that although the locus contained the standard eryA, eryB, eryC and eryD genes used for the catabolism of erythritol, the ability to catabolize erythritol did not affect competition for nodule occupancy in S. meliloti. The locus was also found to be necessary for the utilization of adonitol and L-arabitol as sole carbon sources (Geddes et al., 2010; .
The genetic organization of the S. meliloti erythritol locus is different from other previously characterized erythritol loci (Sangari et al., 2000; Yost et al., 2006) . Characterization of this locus left five uncharacterized genes that encode proteins annotated as being involved in small molecule metabolism, but were not necessary for erythritol catabolism. Since it had been shown that this locus was also necessary for L-arabitol and adonitol catabolism (Geddes et al., 2010) , we wished to genetically characterize this locus with respect to the catabolism and transport of these pentitols.
METHODS
Bacterial strains, plasmids and media. Bacterial strains and plasmids used and generated in this work are listed in Table 1 . S. meliloti strains were grown routinely at 30 uC on either Luria-Bertani (LB) as a complex medium (Sambrook et al., 1989 ) or Vincent's minimal medium (VMM) as a defined medium (Vincent, 1970) . Carbon sources were filter-sterilized and added to VMM to a final concentration of 15 mM. When required, S. meliloti and Escherichia coli strains were grown in medium containing the following concentrations of antibiotic (mg ml 21 ): chloramphenicol (Cm) 20; gentamicin (Gm) 20 or 60; kanamycin (Km) 20; neomycin (Nm) 200; rifampicin (Rf) 50; streptomycin (Sm) 200; tetracycline (Tc) 5. All antibiotics were filter-sterilized before use.
Genetic techniques. Conjugations and transductions were carried out essentially as described by Finan et al. (1984 Finan et al. ( , 1988 . The S. meliloti ORFeome platform was used to construct deletions of SMc01619, SMc01618, SMc01622 and SMc01617 to yield strains SRmD208, SRmD209, SRmD247 and SRmD249, respectively (House et al., 2004; Schroeder et al., 2005) . Deletions were confirmed by sequencing a PCR product that contained the deletion junctions.
To generate deletions of pyc, fucA1 and eryB in strains SRmD211, SRmD270 and SRmD271, respectively, a splice overlap extension strategy was utilized as described previously (Richardson et al., 2008) . PCR primers were designed to facilitate cloning of the regions flanking these genes into pJQ200SK to create pBG11, pBG28 and pBG30. These were recombined into the chromosome of S. meliloti as single crossovers by conjugating them into Rm1021 and selecting for Sm and Gm resistance. Double crossovers were selected for by plating single crossovers onto LB containing 8 % sucrose. Resulting colonies that were sucrose-resistant and Gm-sensitive were screened for deletions using carbon source phenotypes and PCR. In all cases, deletions that were created were verified by amplifying the DNA containing the deletion junctions by PCR and sequencing the product.
The plasmid pCO37 was used to construct plasmids expressing genes found at the erythritol locus suspected of having roles in adonitol and L-arabitol utilization. Briefly, pCO37 (Jacob et al., 2008 ) is a derivative of the broad-host-range plasmid pRK7813 that contains attB sites; thus making it a Gateway-compatible destination vector. Genes of interest were recombined from the S. meliloti ORFeome entry vectors as described previously (Geddes et al., 2010) . In this manner, pBG23-26 and pBG31 were constructed (Table 1 ). The identity of the resultant plasmids was confirmed by a combination of sequencing the insert and the demonstration of bioactivity.
Random Tn5 mutagenesis was carried out using pRK602 essentially as described by Finan et al. (1985) . SRmD766 was isolated by screening for an inability to use xylose as a sole carbon source. The location of the Tn5 was identified by arbitrary PCR and sequencing as described previously (Miller-Williams et al., 2006) . In addition, the phenotype was shown to be 100 % co-transducible with the Nm resistance encoded by Tn5.
DNA manipulation. Standard techniques were used for plasmid isolation, restriction enzyme digests, ligations, transformations and agarose gel electrophoresis (Sambrook et al., 1989) . Nucleotide sequencing was carried by cycle-sequencing using a Big-Dye version 3.1 kit (Applied Biosystems). Sequencing reactions were carried out as recommended by the manufacturer and resolved using an ABI 3130 sequencer.
RNA isolation and cDNA synthesis. Bacterial cultures were grown to OD 600~0 .8 in VMM medium containing either (i) 15 mM adonitol or L-arabitol and 15 mM glycerol or (ii) 15 mM glycerol alone. Cells were harvested by centrifugation and resuspended in TE (Tris 10 mM, EDTA 1 mM, pH 8) buffer with lysozyme (0.4 mg ml
21
). RNA was then isolated using the Qiagen RNeasy isolation kits as described previously (Geddes et al., 2010) . All RNA samples were treated twice on-column with Qiagen RNase-free DNase to remove DNA contamination. RNA was routinely checked for DNA contamination by PCR and was analysed spectrophotometrically. The concentration of RNA was determined using the extinction coefficient for RNA (0.027 mg ml 21 cm
). First strand cDNA synthesis was performed using 1 mg RNA as suggested by the supplier. The quality of the cDNA synthesis was checked by electrophoresis and quantified spectrophotometrically.
Quantitative RT-PCR. Approximately 200 ng cDNA sample was used as a template for quantitative RT-PCR. Reactions were performed using the SYBR green RT-PCR kit from Invitrogen, as recommended. Primers utilized have been described previously (Geddes et al., 2010) . The RT-PCR was performed using a Cepheid Smart Cycler with the following programme: stage 1, 95 uC for 120 s, once; stage 2, 95 uC for 15 s followed by 60 uC for 30 s, repeated 40 times; stage 3, melting curve analysis of PCR products.
Kinase assays. Cultures of R. leguminosarum Rlt100 expressing pBG3 in trans were grown and lysed to create extracts as described previously (Oresnik & Layzell, 1994; Pickering & Oresnik, 2008) . Erythritol kinase assays were carried out by adapting a fructose kinase assay described by Anderson & Sapico (1975) . Essentially, either erythritol, adonitol, L-arabitol or D-arabitol was substituted for fructose. The assay was initiated by the addition of the polyol that was being measured for kinase activity. Rates were determined from linear portions of NADH oxidation data that were corrected for background oxidase activity and were proportional to the amount of extract.
Transport assays. Transport assays were carried out essentially as described previously 
Hanahan ( ]erythritol to a final concentration of 2 mM to the samples; aliquots of 0.5 ml were withdrawn at appropriate time points and rapidly filtered through a Millipore 0.45 mm Hv filter on a Millipore sampling manifold. The kinetics of uptake were linear for approximately 2 min (Geddes et al., 2010) ; therefore, samples were taken after 1 min when competing solutes were added. Solute competition was carried out by adding 4 or 10 mM unlabelled erythritol, adonitol or L-arabitol to samples along with 2 mM labelled erythritol. The amount of radioactivity retained by the cells was quantified using a liquid scintillation counter (Beckman LS6500).
RESULTS

Adonitol and L-arabitol compete with erythritol for transport
In S. meliloti, the genes necessary for the transport, catabolism and regulation of erythritol are distributed over five transcripts (Geddes et al., 2010) (Fig. 1) . In addition to containing the genes necessary for erythritol utilization, six other genes that are annotated as being involved in small molecule metabolism are found at this locus. One transcriptional unit contains five genes that encode components of an ABC transporter, including a sugar-binding protein (SMc01628), two permeases (SMc01626-27) and two ABC proteins (SMc01624-25) (Fig. 1 ).
Strains carrying mutations in the genes encoding either the sugar-binding protein (SMc01628) or the permease (SMc01627) were shown to be unable to utilize erythritol, adonitol or L-arabitol as sole carbon sources. Physical evidence was also presented demonstrating that this ABC transporter was required for intracellular accumulation of radiolabelled erythritol (Geddes et al., 2010) . Since these polyols can adopt identical stereochemistry over three carbons (Fig. 2) , it was reasoned that they may utilize a common transporter. To test this, a transport competition assay was performed using unlabelled sugars to compete for transport with radiolabelled erythritol.
Unlabelled erythritol, adonitol and L-arabitol were competed against radiolabelled erythritol for transport at ratios of 2 : 1 and 5 : 1. The results show that the addition of unlabelled erythritol competing at a ratio of 2 : 1 reduced the accumulation of radiolabel in the cell after 1 min. Increasing the ratio of unlabelled erythritol to 5 : 1 resulted in a further reduction of radiolabel accumulation (Fig. 3) . When the experiment was repeated using either adonitol or L-arabitol to compete with radiolabelled erythritol, a comparable reduction of radiolabelled erythritol in the cell was observed at both the 2 : 1 and 5 : 1 ratios. The ability of adonitol and L-arabitol to compete for transport with erythritol suggests that adonitol and L-arabitol share common determinants for transport with erythritol in S. meliloti. Since these genes are necessary for more than one polyol, we suggest that they should be reannotated as multiple polyol transport, mptABCDE. Platt et al. (2000) *Designates that a strain was constructed by transduction. The donor lysate strain is given in parentheses, this was transduced into the recipient; the resulting strain is at the arrowhead.
S. meliloti adonitol and L-arabitol locus
EryB is not necessary for adonitol or L-arabitol catabolism
The catabolism of erythritol to glyceraldehyde-3-phosphate is carried out by the actions of EryA, EryB, EryC and TpiB in S. meliloti and R. leguminosarum (Geddes et al., 2010; Yost et al., 2006) . Since adonitol and Larabitol share common determinants with erythritol transport ( Fig. 3 ), we were interested in determining whether any of the other genes necessary for erythritol catabolism were also necessary for the catabolism of these polyols.
A number of Tn5-B20 insertion mutants were previously generated at this locus and shown to be unable to utilize erythritol, adonitol or L-arabitol as sole carbon sources (Geddes et al., 2010) . Two of these mutants (SRmA784 and SRmA787) contained insertions at the end of transcriptional units, in eryB and eryC, respectively (Fig. 1) . These strains were used to determine if the gene product of either eryB or eryC was necessary for adonitol and L-arabitol utilization.
It was found that SRmA787 (carries eryC12 : : Tn5-B20) was capable of utilizing adonitol and L-arabitol as sole carbon sources and unable to utilize erythritol (Geddes et al., 2010) (Table 2) , whereas SRmA784 (carries eryB9 : : Tn5-B20) was unable to utilize erythritol, adonitol or L-arabitol (Geddes et al., 2010) . Introduction of pHY112 (eryB) into SRmA784 enabled the strain to complement for the ability to utilize erythritol as a sole carbon source (Geddes et al., 2010) (Table  2 ). However, when this construct was screened for complementation on adonitol and L-arabitol, it was found that it was unable to complement utilization of either pentitol as a sole carbon source (Table 2 ). It was hypothesized that the Tn5-B20 insert may be having polar effects on the transcriptional unit that contains eryC. To resolve this ambiguity we generated strain SRmD271, which contains an in-frame deletion that removed the DNA that encoded the first 485 of the 505 amino acids of EryB. SRmA271 was unable to grow using erythritol, but was able to grow using adonitol or L-arabitol as sole carbon source. It was also complemented for erythritol utilization by pHY112 (Table  2 ). Therefore eryB is required for erythritol but not adonitol or L-arabitol utilization.
EryA can use erythritol, adonitol and L-arabitol as substrates
Introduction of the plasmid pBG3 (expresses eryA) into SRmA782 previously resulted in the inability to grow on medium containing both erythritol and glycerol (Geddes et al., 2010) . Based on other reported phenotypes (Adhya & Shapiro, 1969; Richardson et al., 2004; Sperry & Robertson, 1975; Yost et al., 2006) , it was reasoned that this may be the result of the build-up of a toxic phosphorylated intermediate because of the polar effects of the eryA6 insertion on the downstream erythritol gene, eryB (Geddes et al., 2010) . In order to test whether EryA acts on adonitol and L-arabitol, we screened SRmA782 carrying pBG3 on defined medium containing either adonitol and glycerol, or L-arabitol and glycerol. Consistent with an ability to phosphorylate adonitol and L-arabitol we found that although SRmA782 was able to grow on defined medium when it contained only glycerol, it was unable to grow on medium containing either adonitol and glycerol or Larabitol and glycerol when harbouring the plasmid pBG3 (Table 2) .
To provide direct evidence for the involvement of EryA in the catabolism of L-arabitol and adonitol, we performed erythritol, adonitol and arabitol kinase assays. To carry out these assays we chose R. leguminosarum bv. trifolii strain Rlt100 (Table 1 ). This R. leguminosarum host was chosen because it is unable to utilize either erythritol or L-arabitol as a sole carbon source. In addition, a putative ribitol 2-dehydrogenase mutant in this background (Rlt103) that is unable to use adonitol as a sole carbon source was also available (Oresnik et al., 1998) .
Kinase activities were calculated from cell-free extracts of Rlt100 carrying pBG3 or the empty vector pRK7813. Activities were calculated as the average of three independent replicates and corrected for background levels. Kinase activity of Rlt100 carrying pRK7813 did not deviate from background levels in the presence of erythritol, adonitol, Larabitol or D-arabitol. When Rlt100 carrying pBG3 was assayed in the presence of erythritol, kinase activity was measured as 17.0±1.4 mmol min 21 mg
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. Assays using adonitol and L-arabitol as substrates resulted in similar activity levels, of 11.7±2.1 and 12.3±1.2 mmol min 21 mg 21 , respectively, whereas using D-arabitol as a substrate resulted in a background level of activity of 0.4±2.8 mmolmin 21 mg
. Therefore, EryA of S. meliloti phosphorylates erythritol, adonitol and L-arabitol. The inability of EryA to phosphorylate D-arabitol suggests that the stereochemistry of the first three carbons is important for recognition by EryA (Fig. 2) .
Genes in the locus are uniquely necessary for adonitol and/or L-arabitol utilization
The characterized pathways for adonitol and L-arabitol breakdown are initiated by oxidizing a hydroxyl on a C-2 carbon to yield a pentulose: D-ribulose and L-xylulose, respectively. These ketopentuloses are subsequently phosphorylated, isomerized or epimerized to D-xylulose-5 phosphate and enter central metabolism (Mortlock et al., 1965b) . Since adonitol and L-arabitol can be phosphorylated by EryA directly, the pathway for the degradation of these polyols in S. meliloti may be markedly different from what has been described previously.
In order to determine whether all the genes that are used during adonitol and L-arabitol catabolism in S. meliloti are contained within the erythritol locus, we conjugated the cosmid pEL6 into the R. leguminosarum strains Rlt100 and Rlt103, and screened for adonitol and L-arabitol utilization. The ability to utilize L-arabitol as a sole carbon source was conferred to Rlt100 and Rlt103, while maintaining pEL6 and the ability to utilize adonitol was restored to Rlt103 while maintaining the cosmid (data not shown). 
S. meliloti adonitol and L-arabitol locus
Based on the ability of pEL6 to confer the ability to utilize adonitol and L-arabitol, we predict that the locus contains the complete set of adonitol and L-arabitol catabolic genes. To determine which genes are necessary for adonitol and Larabitol catabolism, a series of in-frame deletions was constructed. Deletions were screened for carbon utilization and complemented by a plasmid-borne copy of each gene (Table 3 ).
It was found that strains SRmD247, SRmD209 and SRmD249, containing deletions of SMc01622 (rbtA), SMc01618 (rbtB) and SMc01617 (rbtC), respectively, were unable to grow using L-arabitol and adonitol as a sole carbon source. This inability to utilize L-arabitol and adonitol was complemented in trans by the introduction of the corresponding gene on a plasmid (Table 3) . SRmD208, containing a deletion of SMc01619 (lalA), was able to utilize adonitol as a sole carbon source but was unable to utilize L-arabitol. This phenotype was complemented by introducing SMc01619 (lalA) in trans (Table 3) . To maintain consistency with other work describing adonitol catabolism, we propose that SMc01622, SMc01618 and SMc01617 be annotated as (ribitol) rbtABC, respectively, and SMc01619 as (L-arabitol) lalA.
A deletion of fucA1 in SRmD270 was able to utilize adonitol and L-arabitol as sole carbon sources but was unable to utilize erythritol. However, erythritol utilization was not complemented by the introduction of fucA1 in trans. SRmD270 was complemented for erythritol utilization by eryB in trans, suggesting that the deletion is affecting eryB transcription, which is required for erythritol catabolism (Table 3 ). This suggests that fucA1 is not necessary for growth using erythritol, adonitol or L-arabitol.
xylB is necessary for D-arabitol but not L-arabitol or adonitol utilization
The requirement of three and four unique catabolic genes for adonitol and L-arabitol utilization, respectively, is inconsistent with traditional pentitol catabolic pathways. We reasoned that determining whether S. meliloti uses either glycolysis or gluconeogenesis during catabolism of these substrates might provide insight into how they are catabolized. To determine this, we screened strains which were impaired in their glycolytic and/or gluconeogenic growth for the ability to utilize adonitol and L-arabitol as sole carbon sources.
SRmD211 is a pyruvate carboxylase (pyc) mutant and is incapable of growing on sugars which generate pyruvate during glycolytic growth in S. meliloti, such as glucose or glycerol (Table 4) . Pyruvate carboxylase is an anapleurotic enzyme in S. meliloti and is required to resupply TCA cycle intermediates during glycolytic growth (Dunn et al., 2001) . SRmA515 is a tpiA/tpiB mutant. This strain is only capable of growth on sugars which produce both glyceraldehyde 3-phosphate and dihydroxyacetone phosphate . Therefore, SRmA515 is incapable of growth on substrates such as succinate or arabinose that rely on gluconeogenesis to produce 6-carbon compounds. Similarly, this strain is unable to utilize substrates which enter central metabolism through dihydroxyacetone phosphate such as glycerol or erythritol (Table 4) .
Since D-xylulose is a common intermediate in traditional pentitol catabolism, we also utilized a strain containing a xylB mutation (SRmD766). XylB is necessary for conversion of D-xylulose to D-xylulose 5-phosphate. D-Xylulose 
*Correspondence of gene annotation and genomic systematic identifiers are as follows: rbtA, SMc01622; rbtB, SMc01618; rbtC, SMc01617; lalA, SMc01619.
DVector indicates strain carrying either pCO37 or pRK7813. Genotypes correspond to genes expressed from either pCO37 or pRK7813.
5-phosphate is an entry point into the pentose phosphate pathway (Finan et al., 1988) .
These strains were screened on a number of pentoses and 3-, 4-and 5-carbon polyols (Table 4 ). The results show that SRmA515 (tpiA/tpiB) was capable of growth on adonitol, L-arabitol and D-arabitol, suggesting that these compounds are not catabolized like erythritol, which is converted to dihydroxyacetone phosphate. SRmD211 (pyc) was incapable of growth on adonitol, L-arabitol and D-arabitol (Table 4) . Taken together, these data suggest that S. meliloti grows glycolytically on all three pentitols. This is consistent with a traditional pentose phosphate pathway entry point for these pentitols. SRmA776 (xylB) was unable to grow using D-arabitol, but was able to grow using adonitol and L-arabitol as sole carbon sources (Table 4) . This suggests that D-arabitol enters central metabolism in S. meliloti through a traditional route; it is oxidized to D-xylulose and subsequently phosphorylated by XylB. It also suggests that L-arabitol and adonitol are not converted to D-xylulose during their catabolism. Of note, SRmA210 (a tpiA/tpiB and pyc mutant) was able to utilize both xylose and ribose (Table 4) .
Bioinformatic characterization of genes necessary for adonitol and L-arabitol utilization
Analyses of the protein coding sequences of the genes necessary for the adonitol and L-arabitol utilization were carried out using CDART (Geer et al., 2002) , InterPro Scan (Hunter et al., 2009 ) and BLASTP (Altschul et al., 1997) in an effort to determine putative biochemical function. The basic analysis suggests that, in addition to EryA, a dehydrogenase, a second kinase and a phosphatase are used during the catabolism of both adonitol and L-arabitol. A class II aldolase is also used during L-arabitol breakdown.
RbtA (SMc01622) belongs to IPR006140, and is predicted to be a 3-phosphoglycerate dehydrogenase (a 2-hydroxyacid dehydrogenase). Since it is necessary for both adonitol and L-arabitol degradation, RbtA could follow EryA because the phosphorylation of adonitol or L-arabitol would produce a metabolite that is consistent with the needed substrate.
LalA (SMc01619) is predicted to be a member of the IPR001303 family of aldolases/adducins. IPR001303 is also related to IPR004661 which is represented by the enzyme Lribulose-5-phosphate 4-epimerase. It has been shown that the epimerization reaction catalysed by this domain is carried out via an enolate intermediate (Luo et al., 2001 ). This suggests that LalA, which is necessary only for Larabitol utilization, may be an epimerase.
RbtB (SMc01618) and RbtC (SMc01617) are predicted to be a carbohydrate kinase (IPR000577) of the FGGY family and a hydrolase/phosphatase belonging to the HAD II superfamily, respectively. The categorization of RbtB in IPR000577 (FGGY kinase family), and not in families such as IPR006082 (phosphoribulokinase) or IPR022463 (phosphofructokinase family), suggests that the substrate used by RbtB may be an unphosphorylated sugar.
Adonitol and L-arabitol induce only the transcripts necessary for their utilization
Previous work has shown that each transcriptional unit in the locus was inducible by erythritol, and that this induction was dependent on the presence of both the regulator EryD and the erythritol kinase EryA (Geddes et al., 2010) . SRmA885, a strain carrying an eryD mutation, was unable to grow using erythritol, adonitol and L-arabitol, suggesting that eryD may be required for induction of the locus by adonitol and L-arabitol as well (Geddes et al., 2010) . Regulation of this locus is complex, and a second transcriptional regulator (SMc01615) is also induced by erythritol. SMc01615 affects the expression of its own transcript, which contains the erythritol catabolic gene tpiB, as well as the transcription of eryD (Geddes et al., 2010) . It was unclear whether adonitol or L-arabitol would affect induction of the locus in a similar or different manner from erythritol, so induction in response to the pentitols was measured by quantitative RT-PCR.
Induction of each transcriptional unit that contains genes required for adonitol and L-arabitol transport and catabolism was observed (Table 5) . Similar to what was previously observed for erythritol induction, induction of the locus in response to adonitol and L-arabitol was abolished in an eryA6 background ( Table 5 ). The transcriptional unit containing SMc01615 (eryR, see below) was not induced by adonitol or L-arabitol (Table 5) . SMc01615 was shown to regulate its own transcription (Geddes et al., 2010) ; therefore, the absence of induction by adonitol and L-arabitol suggests that it does not respond to these pentitols. This is consistent with the hypothesis that SMc01615 is an erythritol-specific regulator. We suggest that SMc01615 should be reannotated as eryR.
DISCUSSION
In this work we demonstrate that the polyols erythritol, adonitol and L-arabitol are transported by an ABC transporter(s) that share at least one common determinant (Fig. 3) . In addition, we show that L-arabitol and adonitol are both phosphorylated by the erythritol kinase EryA. This may occur because these sugars have identical stereochemistry over three carbons (Fig. 2) . Quantitative RT-PCR experiments show that transcripts containing genes necessary for adonitol and L-arabitol utilization are induced by these sugars in an eryA-dependent manner.
We had previously demonstrated that eryC, tpiB and rpiB are not required for adonitol and L-arabitol catabolism (Geddes et al., 2010) , and here we define that fucA1 and eryB are also not necessary for growth using adonitol and L-arabitol as sole carbon sources (Table 3 ). The ability of the cosmid containing the locus (pEL6) to confer the ability to grow using adonitol and L-arabitol as sole carbon sources suggests that all of the genes utilized during their breakdown are encoded by this locus. Our analysis shows that three previously uncharacterized genes are necessary for growth using adonitol and L-arabitol as sole carbon sources (rbtABC), and one additional gene is required for L-arabitol catabolism (lalA). This suggests that eryA and rbtABC are the complete set of adonitol catabolic genes in S. meliloti, and that L-arabitol catabolism is facilitated by the same complement of genes but also includes lalA.
Pathways for the catabolism of polyols follow the pattern of a dehydrogenation to yield a 2-keto-sugar followed by a phosphorylation and, if necessary, an epimerization reaction to yield either a xylulose or ribulose 5-phoshate (Mortlock, 1984) . Based on biochemical assays, phenotypic data (Table 3 ) and bioinformatic analysis, we hypothesize that adonitol and L-arabitol are not catabolized through such a pathway in S. meliloti. Despite observing differences, phenotypes of mutations in central metabolism are consistent with adonitol and L-arabitol entering central metabolism through a 5-carbon pentose phosphate intermediate (Table 4) , and not as a TCA cycle intermediate or as a product of an aldolase reaction, as has been shown for other pentoses (Dahms & Anderson, 1969; Pedrosa & Zancan, 1974; Richardson et al., 2004) .
Synthesis of the results from the bioinformatic analysis with the genetic data allows the construction of a putative pathway for the catabolism of adonitol and L-arabitol in S. meliloti (Fig. 4) . The logic for the pathway is as follows: the primary reaction is the phosphorylation of adonitol or Larabitol by EryA. LalA is the only enzyme that is required uniquely for L-arabitol utilization. LalA is predicted to be a ribulose 1-phosphate 4-epimerase, therefore it is possible that an intermediate of L-arabitol utilization could be epimerized using LalA into an intermediate of the adonitol utilization pathway, thus explaining the use of all the remaining enzymes for the catabolism of both pentitols. This epimerization reaction is dependent upon a substrate that has a keto-group; therefore, the L-arabitol derivative must be preceded by a dehydrogenase; RbtA is the only candidate gene at this locus that encodes a dehydrogenase. Since RbtA is necessary for the utilization of both pentitols, and its reaction would occur before the epimerization of an L-arabitol intermediate, we predict that this enzyme can function using both adonitol 1-phosphate and L-arabitol 1-phosphate as substrates; oxidation at C-2 would be most consistent with the predicted substrates of downstream genes. RbtB appears to be a pentulose kinase and not a phosphokinase. This suggests that its substrate is not a phospho-sugar. Since a phosphorylated intermediate has already been generated by EryA, RbtB must be preceded by a phosphatase. A candidate phosphatase is RbtC. The final kinase reaction would generate D-ribulose 5-phosphate, a logical entry point into central metabolism. Taken   Table 5 . Induction by adonitol and L-arabitol Growth media contained either 15 mM adonitol or L-arabitol (for induction) and 15 mM glycerol (for growth). Data are expressed as 2 2DDCt and represent fold expression over uninduced Rm1021 grown in glycerol. The experiments include SMc00128 as an internal control (Krol & Becker, 2004) . The data presented are the mean±SD from three independent biological replicates. Correspondence of gene annotation and genomic systematic identifiers are as follows: mptA, SMc01628; eryR, SMc01615. together, the pathway as presented is in agreement with all the biological and bioinformatic evidence to this point.
The analysis of the locus has accounted for all the genes except fucA1. In E. coli, FucA is involved in the catabolism of the methyl-pentose fucose where it catalyses the aldol cleavage of fuculose 1-phosphate to lactaldehyde and dihydroxyacetone phosphate (Ghalambor & Heath, 1962) . The breakdown of D-arabinose in E. coli has been shown to be dependent on fucA. In this context, FucA can recognize the intermediate D-ribulose 1-phosphate that is generated during the catabolism to generate glycolaldehyde and dihydroxyacetone phosphate (LeBlanc & Mortlock, 1971) . The FucA1 found in this locus shares 48 % identity with FucA of E. coli. The putative pathway predicts that Dribulose 1-phosphate is an intermediate in the catabolic pathway of adonitol and L-arabitol. However, the inability of mutations in rbtB and rbtC to grow using adonitol and L-arabitol as sole carbon sources suggests that either this FucA1 activity is not sufficient to sustain growth or S. meliloti is unable to utilize the generated glycolaldehyde.
A screen to determine if any of the polyols were dependent on xylulose kinase for catabolism identifies xylB as being necessary for D-arabitol catabolism (Table 4) . Biochemical analysis of S. meliloti had previously identified enzymic activities of two different polyol dehydrogenases (Martinez De Drets & Arias, 1970) . One of these has sorbitol dehydrogenase activity, while the other is able to oxidize mannitol and D-arabitol. Both of these dehydrogenases can be induced by any of the three polyols (Martinez De Drets & Arias, 1970) . More recently, a genome-wide study that systematically mutated 78 genes that were in the short chain dehydrogenase family identified SMc01500 (SmoC) as being involved in polyol metabolism (Jacob et al., 2008) . Subsequent testing of this strain showed that it is able to grow using erythritol, adonitol and L-arabitol as sole carbon sources, but unable to grow using D-arabitol, mannitol or sorbitol as sole carbon sources. The locus surrounding smoS contains many genes annotated as being involved in polyol catabolism, notably a putative mannitol dehydrogenase mtlK immediately downstream of smoS. Given the growth phenotypes of SMc01500, we hypothesize that the locus containing this mutation encodes the two dehydrogenases that were previously observed and, based on annotation, we predict that smoS encodes the sorbitol dehydrogenase, and mtlK (SMc01501) is necessary for oxidizing D-arabitol and mannitol. This suggests that Darabitol is broken down through a traditional catabolic pathway in S. meliloti using MtlK to form xylulose and XylB to phosphorylate it to xylulose 5-phosphate. This also corroborates the finding that the product of D-arabitol dehydrogenase was D-xylulose (Martinez De Drets & Arias, 1970) .
S. meliloti has become a model organism for the study of plant-microbe interactions, transport and metabolism. Because of the large number of its genes that encode transporters and enzymes involved in metabolism, it provides an excellent platform for the discovery of novel biochemical processes. The delineation of this complex locus has provided genetic and bioinformatic evidence that is consistent with the existence of a novel pathway for the catabolism of adonitol and L-arabitol. We note that the genetic organization of these genes appears to be unique when compared with orthologues in other sequenced organisms. It is likely that a detailed study to elucidate the relationship of this locus to orthologues in other sequenced organisms, as well as work to provide direct biochemical evidence for each step of this pathway, will provide basic knowledge that could be invaluable for understanding polyol metabolism in other diverse species that are sequenced. Fig. 4 . Predicted pathway of adonitol and L-arabitol catabolism in S. meliloti Rm1021. The pathway is based on evidence in Table 3 , as well as bioinformatic analysis of the genes required for adonitol and L-arabitol catabolism. See text for details.
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